Introduction
The continuously expanding need for healthcare has required that greater attention be given to the discovery of new drugs. Because of their diverse structural scaffolds and wide ranging bioactivities, natural products represent an almost unlimited family of substances that can be employed for the development of new drugs.
2 Many drugs that are derived from natural products, such as taxol and artemisinin, have played effective roles in saving human lives. However, the continuing discovery of new drugs has been hampered by the lack of a stable supply of natural products from the natural source. Consequently, the production of new pharmaceutical agents to combat life-threatening diseases demands that efficient and versatile synthetic methodologies be devised to prepare natural products and their analogs. Cascade reactions, 3 the benefits of which include atom economy, and reduced time and labor, are promising methods that can be utilized to prepare a variety of substances for biological evaluations. Synthetic sequences that employ these types of processes are typically more efficient than those that utilize multiple steps and more traditional procedures. The cascade reaction concept has dramatically changed the way synthetic chemists design strategies to access structurally complex molecules.
We have had a long-standing interest in the development of dual-mode Lewis acid induced cascade cyclizations. Dual-mode Lewis acids can play an important role in promoting cascade reactions because they serve to activate reactions of both the starting materials as well as intermediates through different types of σ-and π-binding modes. As shown in Figure 1 , a single dual-mode Lewis acid can induce an intermolecular or intramolecular cascade cyclization sequence leading to the formation of polycyclic frameworks bearing multiple functional groups and stereogenic centers. Moreover, reversible processes 4,5 such as the Michael and the Diels-Alder (DA) reactions can be driven in cus on total the synthesis of ent-kaurene-related natural products. Qianqian Yang received her B.S. in Pharmaceutical Sciences from Shandong University at Weihai in 2012. She is currently a fifth-year graduate student in Professor Chi-Sing Lee's laboratory in Peking University Shenzhen Graduate School, and her efforts focus on the total synthesis of natural products using the Diels-Alder/carbocyclization cascade cyclization strategy. Wenli Bao received her B.S. in Pharmaceutical Sciences from Liaoning Normal University in 2012. She is a fifthyear graduate student in Professor Chi-Sing Lee's laboratory in Peking University Shenzhen Graduate School, and her studies focus on the total synthesis of natural products using the Prins/Conia-ene cascade cyclization strategy. Xuefeng Liang received his B.S. in Chemistry from Sun Yat-sen University in 2012. He is currently a fifth-year graduate student in Professor Chi-Sing Lee's laboratory in Peking University Shenzhen Graduate School, and his work focuses on the total synthesis of natural products using the Michael/Conia- 
Dual-Mode Lewis Acids
During a search for suitable dual-mode Lewis acids that can be employed in new cascade cyclization reactions, we determined the binding enthalpies of a variety of Lewis acids and their σ-/π-binding companions, which include propene/acetaldehyde and styrene/benzaldehyde, by using density functional theory (DFT) calculations. As shown in Table 1 , Lewis acids derived from main group elements, such as MgX 2 and AlX 3 , generally have stronger σ-binding than π-binding abilities, while transition-metal-based Lewis acids, including AuCl and Pd(OAc) 2 have stronger π-binding than σ-binding abilities. π-Binding in these cases involves back-bonding between the filled d orbitals of the transition metal to the π* orbitals of the substrates. The trends seen in these results are consistent with those arising from B3LYP-based calculations reported earlier by Yamamoto. 9 To promote one-pot sequential cyclization reactions, Lewis acids need to have slightly higher σ-binding enthalpies and sufficiently strong σ-/π-binding abilities. Inspection of the plot (Figure 2 ) of the π-binding enthalpies (ΔH π ) against the differences in the π/σ-binding enthalpies (ΔH π -ΔH σ ), arising from the calculations, shows that Zn(II)-, In(III)-, and Fe(III)-based Lewis acids (box in Figure 2 ) have similar π-binding enthalpies ranging from -10 to -30 kcal mol -1 and σ/π-binding enthalpy differences (ΔH π -ΔH σ ) in the range of 2 to 7 kcal mol -1 . However, we expected that Fe(III)-based systems might not be suitable dual-mode Lewis acids for cascade cyclization reactions owing to their ability to oxidize 1,3-dicarbonyl compounds. With these results in mind, we initiated studies aimed at developing dual-mode Lewis acid induced cascade cyclization reactions that could serve as efficient methods to synthesize scaffolds of natural products that have important biological activities. 
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Figure 2 Plot of π-binding enthalpies (ΔH π ) versus the differences in the π/σ-binding enthalpies (ΔH π -ΔH σ ).
Prins/Conia-Ene Cascade Reaction and its Applications
The phomactin family is a new class of platelet-activating factor antagonist isolated from a marine fungus.
11
Phomactin A (Figure 3 ) is the most structurally complex member of this family and, as a result, it has attracted significant attention among synthetic chemists. 12 The polycyclic skeleton of phomactin A contains a highly substituted 1-oxadecalin ring system, [13] [14] [15] [16] [17] [18] [19] which is a common structural motif in other natural products such as cortistatin A and suctorientalin D (Figure 3) . 20 Consequently, our efforts were focused on the development of a dual-mode Lewis acid induced Prins/Conia-ene cascade cyclization reaction that would produce the appropriately functionalized oxadecalin ring system.
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As shown in Figure 3 , we anticipated that dual-mode Lewis acids would promote Prins reactions between β-keto esters I and hex-5-ynal II via σ-binding with the aldehyde moiety in II. Moreover, we reasoned that subsequent Coniaene reactions of the tetrahydropyran intermediates III, formed in this manner, would also be induced by the same dual-mode Lewis acids through π-binding with the alkyne and σ-binding with the β-keto ester. We anticipated that the overall cascade process would generate the 1-oxadecalin ring system. The results of an exploratory investigation using a variety of β-keto esters and Lewis acids showed that strong σ-Lewis acids induce only the Prins-type reaction giving the tetrahydropyran intermediate III, while strong π-Lewis acids cause decomposition of the aldehyde substrate II. Significantly, in a manner that is consistent with the theoretical study, this effort demonstrated that InCl 3 was an ideal dual-mode Lewis acid catalyst for the overall process that produces the desired 1-oxadecalin products in high yields.
We next explored the substrate scope of the cascade cyclization process. The results (Table 2) show that InCl 3 -mediated cascade reactions of different substituted β-keto esters (Table 2 , entries 1-6) with hex-5-ynal proceed smoothly in dichloromethane at 40 °C to form the corresponding 1-oxadecalins in reasonable to high yields. Despite steric hindrance, a β-keto ester containing methyl groups at R 3 and R 4 also undergoes the Prins/Conia-ene cascade cyclization reaction in modest yield (Table 2 , entry 5). Moreover, the results show that the presence of a stereogenic center created by methyl substitution at the α position of the ketone moiety in the β-keto ester does not affect the stereoselectivity of the reaction. In this case, a 3:1 diastereomeric mixture is generated initially (Table 2 , entry 6). In addition, using pent-4-ynal as the substrate led to a 5,6-fused bicyclic scaffold (Table 2 , entry 7). G. Du et al. The utility of the Prins/Conia-ene cascade reaction in the synthesis of the tricyclic core of phomactin A was probed next. As shown in Scheme 1, the Prins/Conia-ene cascade cyclization reaction of the dimethyl-substituted β-keto ester 1 with the dimethyl-substituted hex-5-ynal 2 proceeds smoothly using In(OTf) 3 as the dual-mode Lewis acid to form the desired cis-1-oxadecalin 3 as a single diastereomer. We found that although Zn(II) and In(III) halides also promote the cascade cyclization, they cause dealkoxycarbonylation of 3, probably as a consequence of the nucleophilicity of the halide ions. Epoxidation of the exocyclic double bond in 3, followed by sequential dealkoxycarbonylation/epoxide-opening using TBAF generates 5, which undergoes cyclic acetal formation promoted by MeOH/cat. TsOH to produce the C ring of phomactin A. However, the cyclized hemiacetal 6 formed prior to acetal formation is unstable in CDCl 3 owing to rapid generation of a dehydration product (by NMR analysis). This four-step sequence clearly demonstrates the utility of the new dual-mode Lewis acid induced Prins/Conia-ene cascade cyclization for a concise synthesis of phomactin A.
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The next goal of this investigation was to develop an asymmetric Prins/Conia-ene reaction that takes advantage of substrate control and to explore its application to an enantioselective synthesis of phomactin A. Because of the concern that the D ring (E)-alkene moiety in the target might be sensitive to strong oxidants, such as m-CPBA, a γ-hydroxylation strategy was explored as an alternative protocol for formation of the C ring. As shown in Scheme 2, reaction of the chiral ynal 7 with β-keto ester 8 using In(OTf) 3 in refluxing acetonitrile forms only the Prins product 9. Execution of the subsequent Conia-ene reaction requires addition of ZnI 2 in refluxing toluene.
This process produces the 1-oxadecalin product 10 as a single diastereoisomer. The high diastereoselectivity of the Prins reaction is rationalized by invoking the transition state (TS), in which the In 3+ ion is chelated to both the β-keto ester carbonyls and the OBn moiety. This chelation model may also explain the ineffectiveness of In(OTf) 3 for the subsequent Conia-ene reaction due to the unfavorable orientation of the terminal alkyne caused by the chelation. α′-Hydroxylation of 10 followed by dealkoxycarbonylative enone formation with TBAF and protection of the free alcohol as the triethylsilyl ether forms 12 as a single diastereoisomer. The results of a screen of several strong bases showed that the γ-hydroxylation of 12 takes place efficiently using t-BuLi followed by treatment with the Davis reagent, 2-(phenylsulfonyl)-3-phenyl oxaziridine. The process forms the desired tricyclic product 13 in 63% yield. The encouraging results arising from the two model studies described above suggest that both the epoxidation/dealkoxycarbonylation and γ-hydroxylation strategies will be applicable to a pathway for the enantioselective total synthesis of phomactin A.
4 Diels-Alder/Carbocyclization Cascade Reaction and Applications
First Generation Diels-Alder/Carbocyclization Cascade Reaction and its Application
The cis-hydrindane scaffold containing an all-carbon quaternary center at the ring junction is a common structural feature in many biologically active natural products. 22 As shown in Figure 4 , our strategy for construction of this synthetically challenging motif involves the use of a dualmode Lewis acid mediated Diels-Alder (DA) cycloaddition reaction between an electron-rich siloxy-substituted diene IV and an electron-deficient enone dienophile V. It was anticipated that the formed silyl enol ether group in VI would undergo Lewis acid promoted carbocyclization with the 
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terminal alkyne group. The results of a preliminary effort, in which a variety of Lewis acids were explored, showed that ZnBr 2 is the optimal dual-mode Lewis acid for catalyzing this DA/carbocyclization cascade cyclization reaction which produces the desired cis-hydrindane product efficiently. 23 As the results in Table 3 show, the process takes place between dienes and dienophiles that possess a variety of R 1 , R 2 and R 3 substituents, each of which generate cis-hydrindane products in good yields and with modest to high levels of endo selectivity. The reaction using N-phenylmaleimide as the dienophile occurs to give the endo product exclusively (Table 3 , entry 3). Acrolein, not having a substituent at R 1 , undergoes the process to produce a mixture of double bond regioisomeric products, which is transformed into the α,β-unsaturated ketone by addition of a catalytic amount of triflic acid or triethylamine. Under these conditions, the aldehyde moiety is epimerized and leads to the exo product (Table 3, entry 6). Finally, a slight increase in the steric size of the R 1 substituent leads to a reduction in the efficiency and endo selectivity of the reaction (Table 3 , entry 7).
Scheme 2 Enantioselective synthesis of the tricyclic core of (+)-phomactin A To demonstrate the potential applicability of the DielsAlder/carbocyclization cascade process to natural product synthesis, the hydrindane product 14 (from Table 1 , entry 1) was utilized as the starting material in a route for the preparation of the aglycone of (±)-dendronobiloside A, 22b which contains the cis-hydrindane core possessing five contiguous stereogenic centers including the all-carbon quaternary center at the ring junction. As shown in Scheme 3, selective reduction of the aldehyde moiety in 14 followed by protection of the primary alcohol produces 16. Saegusa oxidation followed by diastereoselective installation of the isopropyl group generates the enone 18. Hydroboration-oxidation of 18 brings about simultaneous stereoselective reduction of the ketone moiety and transformation of the exocyclic double bond to form the corresponding primary alcohol along with introduction of the stereogenic center at C6. After selective protection of the primary alcohols, elimination of the secondary alcohol in 20 using the Burgess reagent forms the endocyclic double bond in 21. Deprotection of the silyl ethers with TBAF followed by hydrogenation then produces the aglycone of (±)-dendronobiloside. This synthetic route is based on a DA/carbocyclization cascade cyclization reaction requiring only nine steps and occurs in a 24% overall yield starting from 14.
Scheme 3 Construction of the aglycone of (±)-dendronobiloside A
Second Generation Diels-Alder/Carbocyclization Cascade Reaction and its Applications
The ent-kaurenoids represent a large family of natural products that share the same tetracyclic core, but have different oxygenation and skeletal rearrangement patterns. Members of this class of natural products display low toxicity and a variety of important biological activities, such as antitumor, antibacterial and anti-inflammatory properties. 24 The seco A ring derivatives, platensimycin 25 and platencin, 26 have potent activities against methicillin-resistant Staphylococcus aureus (MRSA) and vancomycin-resistant Enterococcus (VRE). Their modes of antibacterial action involve inhibition of fatty acid biosynthesis in fasciclin 2 (FASII). Because of their interesting structures and biological properties, the ent-kaurenoids have attracted the attention of the synthetic community.
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One of our long-term goals in this area is to develop a DA/carbocyclization-cascade-cyclization-based strategy for construction of the ent-kaurene core structure that can be employed in designing a general synthetic approach to members of this class of natural products, including platensimycin and platencin. As shown in Figure 5 , DA cycloaddition of the bicyclic or tricyclic enones VII with a siloxy-substituted diene is potentially achievable by using σ-binding of a dual-mode Lewis acid with the enone. The silyl enol ether formed in this manner is expected to undergo in situ Lewis acid promoted intramolecular carbocyclization with the terminal alkyne to afford the bicyclo [3.2.1] octane IX or the tetracyclic framework of ent-kaurene X. In a study exploring this process, we observed that, as with the DA/carbocyclization cascade reaction, ZnBr 2 is an effective dual-mode Lewis acid. 10, 28 The substrate scope of the cascade cyclization process was explored using several substituted dienophiles and siloxy-substituted dienes. As the results displayed in Table 4 demonstrate, the reactions proceed smoothly under the optimized conditions to form the target tricyclic products in 75-91% yields with good levels of diastereoselectivity. Methyl substituents at different positions in the starting enones do not affect the efficiency of the cyclization reaction, and yet they guide high levels of facial selectivity in the DA cycloadditions (Table 4 , entries 2-4). These observations suggest that an enantioselective version of the process is possible when appropriate substituents are present at either the α-or γ-positions of the starting enone.
To demonstrate the utility of this highly efficient cascade cyclization reaction, the tricyclic diketone 22 (from entry 1 in Table 4 ) was employed as a common starting material for the synthesis of platensimycin and platencin. As shown in Scheme 4, the two ketone groups in 22 can be differentiated by converting both into silyl enol ethers, followed by selective epoxidation of the less hindered silyl enol ether with magnesium monoperoxyphthalate (MMPP). This two-step protocol forms the α-hydroxy ketone 24 in a high yield and with an excellent level of diastereoselectivity. The diol formed by hydroxy-directed reduction of the ketone group in 24 is converted into the endocyclic double bond in 25 by treatment with I 2 , PPh 3 , and imidazole in refluxing toluene. Silyl enol ether formation followed by epoxidation with MMPP forms the α-hydroxy ketone 26, which undergoes equilibration under acidic conditions to generate the thermodynamically more stable α-hydroxy ketone 27. Acetylation of the alcohol group in 27 followed by deacetylation with SmI 2 produces 28. Finally, reduction of the ketone group in 28 followed by acid-catalyzed cyclization to install the ether bridge produces an intermediate in Snider's previous formal synthesis of platensimycin. 
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Scheme 4 A formal synthesis of (±)-platensimycin A formal synthesis of platencin was also achieved starting with diketone 22. As shown in Scheme 5, reduction of both the ketone groups in this substance to alcohols followed by selective protection of the less hindered hydroxy moiety as the TBS silyl ether forms 30 as a roughly 3:1 mixture of diastereoisomers. Because the two newly generated stereogenic centers in 29 are removed at a later stage of the synthetic route, all of the diastereomers were used for next step. Dess-Martin (DMP) oxidation of the free alcohol in 30 followed by Saegusa oxidation provides enone 32. Treatment of 32 with H 2 O 2 under basic conditions generates the epoxide 33, which undergoes Warton rearrangement upon treatment with hydrazine in MeOH/AcOH to generate the allylic alcohol 34. After several protection and functional group manipulation steps, the bicyclo[3.2.1]octane moiety in xanthate 34 was converted into the corresponding bicyclo[2.2.2]octane scaffold using Yoshimitsu's protocol. 29 Finally, removal of the p-methoxybenzyl (PMB) ether under oxidative conditions and oxidation of the resulting alcohol forms the intermediate in Nicolaou's synthesis of the target, which can be converted into platencin using the literature procedure. 
Michael/Conia-Ene Cascade Reaction and its Applications
Although Michael addition reactions are powerful tools to construct C-C bonds, 30 their synthetic applications are limited by their reversible nature. A strategy we have devised for the construction of the 5,7-and 6,6-bicyclic ring structural motifs in many natural products such as thapsigargin, clavukerin A and teucvidin 31, 32 (Figure 6 ) overcomes this limitation by coupling reversible Michael reactions with subsequent irreversible Conia-ene reactions. Specifically, we envisaged that dual-mode Lewis acid/amine-induced intramolecular Michael additions of XI, which are expected to form six-or seven-membered ring systems, followed by an irreversible Conia-ene reaction induced by the same Lewis acid would generate the desired 5,7-and 6,6-bicyclic ring systems (XIII and XIV, respectively).
A survey of different combinations of dual-mode Lewis acids and amines led to the observation that the Michael/Conia-ene cascade cyclizations of appropriate substrates proceed smoothly using ZnI 2 /Et 2 NH in refluxing dichloroethane, and that these processes form the desired 5,7-fused bicyclic and 6,6-fused bicyclic compounds in high yields and with high levels of diastereoselectivity. This is exemplified by the Michael/Conia-ene cascade reaction of β-keto ester 38, which proceeds smoothly to form the 5,7-fused bicyclic product 39 in 78% yield and with a diastereomeric ratio (dr) of 3:1 (Scheme 6). It is worth noting that the enamine derived from 38 can undergo either 1,2-or 1,4-addition to the enone moiety to produce either a respective five-or seven-membered intermediate (Scheme 6). In fact, only the seven-membered intermediate, generated in situ, can undergo the subsequent Scheme 5 A formal synthesis of (±)-platencin 
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Conia-ene reaction to generate the desired 5,7-bicyclic fused ring system found in 39. This result indicates that the irreversible Conia-ene reaction serves to drive the equilibrium mixture of adducts formed by Michael addition to the desired cyclized product.
The 5,7-bicyclic cyclized product 39, formed in the Michael/Conia-ene cascade cyclization described above, was employed in the synthesis of (±)-clavukerin A. As shown in Scheme 6, protection of the aldehyde group in 39 with 1,2-ethanedithiol followed by reduction using Raney nickel generates the corresponding methyl derivative 41. Finally, dealkoxycarbonylation and subsequent double bond isomerization produces enone 42, which can be converted into (±)-clavukerin A using literature procedures. 34 An asymmetric Michael/Conia-ene cascade cyclization, which utilizes substrate-control and takes advantage of the six-membered chair-like nature of the transition state in the Michael reaction, has been developed. As shown in Scheme 7, the chiral substrate 44 35 undergoes a highly diastereoselective intramolecular Michael reaction to form 45 upon treatment with Zn(OTf) 2 /Et 2 NH. This observation is in accord with a prediction based on of the more favorable chair-like transition state TS2. Subsequent addition of In(OTf) 3 induces the Conia-ene reaction of 45 to produce the 6,6-bicyclic product 46 as a single diastereomer. Epoxide 47 is then generated from 46 through several functional group manipulation steps. Dealkoxycarbonylation of 47 with TBAF induces epoxide ring opening and cyclization to form 48 containing a tricyclic core structure. The allyl side chain is then installed using an O-allylation/Claisen rearrangement protocol to produce 50 via 49. Oxidation of the furan ring in 50 with N-chlorobenzenesulfonamide sodium salt followed by treatment with acid produces the α,β-unsaturated γ-lactone 51. Pinnick oxidation of the aldehyde in 51 followed by esterification generates the corresponding methyl ester 52. Finally, ozonolysis of the terminal alkene 
group followed by addition of furan-3-yllithium then installs the spiro γ-lactone moiety stereoselectively, perhaps as a result of lithium chelation of the 1,4-dicarbonyl moiety, 36 and completes the total synthesis of (-)-teucvidin.
Conclusion
In the efforts described above, we have studied the σ/π-binding properties of a series of Lewis acids by using DFT calculations. The results show that Zn(II) and In(III) should be suitable dual-mode Lewis acid catalysts for promoting cascade cyclization by both σ-and π-binding activation. Based on the results of the theoretical study, we designed three new types of one-pot, dual-mode Lewis acid induced cascade cyclization reactions which generate cis-1-oxadecalin, cis-hydrindane, bicyclo[3.2.1]octane, cis-decalin and 5,7-bicyclic fused ring systems. These ring systems are common structural motifs in a variety of biologically active natural products. More importantly, we demonstrated that the processes take place with high efficiencies and that they can be incorporated into enantioselective syntheses of the tricyclic core structure of phomactin A, formal syntheses of (±)-clavukerin A, (±)-platensimycin and (±)-platencin, and total syntheses of the aglycone of (±)-dendronobiloside A and (-)-teucvidin. The overall results of this investigation demonstrate that the dual-mode Lewis acid induced cascade cyclization reactions can be incorporated into simple and concise routes to generate the complex core structures found in the target natural products and their analogues and, as a result, they serve as useful molecular tools in drug discovery. Studies focusing on the further development of these types of synthetic strategies are ongoing in our laboratory.
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